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Worldwide Population Analysis of the 4q and 10q
Subtelomeres Identifies Only Four Discrete
Interchromosomal Sequence Transfers in Human Evolution
Richard J.L.F. Lemmers,1 Patrick J. van der Vliet,1 Kristiaan J. van der Gaag,1 Soﬁa Zuniga,1
Rune R. Frants,1 Peter de Knijff,1 and Silve`re M. van der Maarel1,*
Subtelomeres are dynamic structures composed of blocks of homologous DNA sequences. These so-called duplicons are dispersed over
many chromosome ends. We studied the human 4q and 10q subtelomeres, which contain the polymorphic macrosatellite repeat D4Z4
and which share high sequence similarity over a region of, on average, >200 kb. Sequence analysis of four polymorphic markers in the
African, European, and Asian HAPMAP panels revealed 17 subtelomeric 4q and eight subtelomeric 10qter haplotypes. Haplotypes that
are composed of a mixture of 4q and 10q sequences were detected at frequencies >10% in all three populations, seemingly supporting
a mechanism of ongoing interchromosomal exchanges between these chromosomes. We constructed an evolutionary network of most
haplotypes and identiﬁed the 4q haplotype ancestral to all 4q and 10q haplotypes. According to the network, all subtelomeres originate
from only four discrete sequence-transfer events during human evolution, and haplotypes with mixtures of 4q- and 10q-speciﬁc
sequences represent intermediate structures in the transition from 4q to 10q subtelomeres. Haplotype distribution studies on a large
number of globally dispersed human DNA samples from the HGDP-CEPH panel supported our ﬁndings and show that all haplotypes
were present before humanmigration out of Africa. D4Z4 repeat array contractions on the 4A161 haplotype cause Facioscapulohumeral
muscular dystrophy (FSHD), whereas contractions on most other haplotypes are nonpathogenic. We propose that the limited
occurrence of interchromosomal sequence transfers results in an accumulation of haplotype-speciﬁc polymorphisms that can explain
the unique association of FSHD with D4Z4 contractions in a single 4q subtelomere.Introduction
Subtelomeres are located immediately proximal to the telo-
meric repeats and are composed of blocks of homologous
DNA sequences that are dispersed over different chromo-
some ends. These domains of sequence homology have
arisen through intra- and interchromosomal segmental
duplications.1,2 The resulting duplicons can contain tens
to hundreds of kilobases of DNA and can be more than
97% identical in sequence between homologous and
nonhomologous chromosome ends.3 Some duplicons
were shown to be human speciﬁc, whereas others have
occurred earlier in primate evolution.4 It has been
proposed that natural variation in the order and copy
number of duplicons contributes to normal phenotypic
variation.1,2 Indeed, gene families that require rapid diver-
siﬁcation because of their protein function often reside in
subtelomeres.5
Large DNA polymorphisms within a single subtelomere
were ﬁrst described for chromosome 16p: three variants
that differ by as much as 230 kb in subtelomeric content
were reported.6 Of particular interest is the subtelomere
of chromosome 4q because of its involvement in the auto-
somal-dominant myopathy facioscapulohumeral
muscular dystrophy (FSHD [MIM 158900]). FSHD is caused
by a contraction of the macrosatellite repeat D4Z4 that
resides in this chromosome end (reviewed in de Greef
et al.7). We previously identiﬁed, analogous to chromo-
some 16p, two 4qter variants, dubbed 4qA and 4qB, on the1Department of Human Genetics, Leiden University Medical Center, Leiden,
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D4Z4 (Figures 1A and 1B).8,9 A more detailed analysis
extended these observations by identifying at least nine
different haplotypes of the 4q subtelomere on the basis
of subtle, but consistent, sequence variations in and imme-
diately ﬂanking the D4Z4 repeat array. Interestingly, for
only one of these haplotypes (4A161) were D4Z4 repeat
array contractions shown to be associated with FSHD;
contractions in two other common haplotypes (4A166
and 4B163) were not associated with the disease.10
The variation in this particular subtelomere is not
restricted to chromosome 4q: the D4Z4 repeat array and
ﬂanking sequences can also be found in the subtelomere
of chromosome 10q (Figure 1).11 Previously, it was sug-
gested that the 4q subtelomere has been transferred onto
chromosome 10q.9 The region of homology between
both chromosome ends thus contains the D4Z4 repeat
array spanning on average 100 kb and extends approxi-
mately 40 kb on either side of the D4Z4 repeat array.
Proximal to D4Z4, the homology between chromosomes
4q and 10q ends with an inverted D4Z4 repeat unit,
whereas distally, the homology extends into the telomere
repeats (Figure 1A).9 The D4Z4 repeat units are 99% iden-
tical between both chromosomes, but D4Z4 contractions
on chromosome 10q are not associated with FSHD.11 The
individual repeat units of the 4q and 10q D4Z4 arrays
can be discriminated by speciﬁc D4Z4 SNPs that affect
the recognition sites of the restriction enzymes BlnI and
XapI.12,13 Most chromosomes 4q have arrays that areThe Netherlands
Genetics. All rights reserved.
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Figure 1. Structure of the D4Z4 Repeat on Standard and
Nonstandard Chromosomes 4 and 10
(A) The ends of chromosomes 4q and 10q share a large region of
homology that contains the D4Z4 repeat array spanning, on
average, 100 kb. Proximal to D4Z4, the homology between chro-
mosomes 4q and 10q extends approximately 40 kb and ends
with an inverted D4Z4 repeat unit. Distally, the homology extends
60 kb into the telomere repeats. The standardD4Z4 repeat array on
chromosome 4q consists of homogeneous BXþ repeat units
(closed triangles) and on chromosome 10 consists of homoge-
neous BþX repeat units (open triangles).
(B) Standard chromosome 4q can end with the distal A or B varia-
tion, 4qA or 4qB, respectively, and standard chromosome 10 ends
with an A variant.
(C) Nonstandard D4Z4 repeat arrays on chromosome 4q can be
grouped in three classes: 4A-Hi, 4B-Hi (Hi means Hybrid internal),
or 4A-H (H means Hybrid). In 4A-Hi and 4B-Hi chromosomes,
the most proximal unit of the D4Z4 repeat array is BXþ, and
in 4A-H chromosomes a BþX D4Z4 unit can be found on this
proximal location. Also, on chromosome 10q three nonstandard
chromosomes can be discriminated: 10A-T and 10B-T (T means
transferred) and 10A-H. 10A-T and 10B-T chromosomes carry
a homogenous D4Z4 array of BXþ units and end with the distal
A or B variation, respectively, whereas 10A-H chromosomes have
the same composition as 4A-H chromosomes and end with an A
variant. The frequency of the standard and nonstandard chromo-
somes in the European population is indicated.homogeneous for D4Z4 units and have SNP combination
BXþ (D4Z4 units are BlnI resistant and XapI sensitive),
whereas chromosome 10q repeat arrays are usually homo-
geneous for BþX- D4Z4 units (XapI resistant and BlnI
sensitive) (Figure 1B).
The sequence similarity between 4q and 10q subtelo-
meres created an opportunity for further transfers between
these nonhomologous chromosome ends. Indeed, aproxi-
mately 5% of all chromosomes 4 in the European popula-
tion carry BþXD4Z4 repeat units that are normally found
on chromosome 10, and the same incidence has been
reported for the presence of the opposite conﬁguration:The AmeriBXþ D4Z4 repeat units on chromosome 10 (Fig-
ure 1C).14,15 In this study, we will refer to these chromo-
somes as ‘‘nonstandard’’ chromosomes as opposed to
‘‘standard’’ chromosomes that have the normal conﬁgura-
tion of BXþD4Z4 units on 4q or BþXD4Z4 units on 10q
(Figures 1B and 1C). Nonstandard chromosomes have also
been detected in other populations, albeit with different
frequencies.16,17 These nonstandard chromosomes are,
like standard chromosomes, highly polymorphic for the
D4Z4 repeat copy number. This high incidence of nonstan-
dard chromosomes has previously been attributed to recur-
rent and ongoing interchromosomal exchanges between
chromosomes 4 and 10.14,16 However, more recently we
have shown that somatic instability of D4Z4 predomi-
nantly arises by intrachromosomal rather than by inter-
chromosomal rearrangements.18 Furthermore, we deﬁned
a number of haplotypes on chromosomes 4q and 10q on
the basis of a speciﬁc combination of markers that are
distributed over a region of more than 50 kb, which does
not support a mechanism of frequent exchanges between
these and other chromosome ends.10
To further address this apparent discrepancy and to
better understand the dynamic behavior of the subtelo-
meres of chromosomes 4q and 10q, we initiated a detailed
study on the composition and prevalence of D4Z4 haplo-
types in European and non-European human populations.
We show that most nonstandard chromosomes can be
grouped in a small number of nonstandard haplotypes
and provide evidence that most nonstandard chromo-
somes probably originate from only four ancient human-
speciﬁc translocation events. We were able to construct
an evolutionary network of standard and nonstandard 4q
and 10q haplotypes. This network allowed us to identify
the ancestral 4q and 10q haplotypes and to demonstrate
that most nonstandard haplotypes represent ancient key
haplotypes in the network, rather than having evolved
from recent translocations. Our data thus strongly suggest
that only a few sequence transfers have occurred between
chromosomes 4q and 10q in human evolution and that
subsequent intrachromosomal mutations must explain
the large number of standard and nonstandard haplotypes.Subjects and Methods
DNA Samples for Genotyping
Detailed genotyping of the D4Z4 locus (Figure 2) was performed
on DNA samples from European, Chinese, Japanese, and African
populations. European samples were collected at the LUMC
from unrelated healthy control individuals.15 Almost 70% of
this collection consists of Dutch individuals; the other individuals
are from different parts of Europe. Blood from these individuals
was collected after informed consent was obtained. In addition,
we studied DNA isolated from lymphoblastic cell lines collected
by the International HapMap Consortium from Yoruban individ-
uals in Ibadan, Nigeria (abbreviation: YRI), Japanese individuals
in Tokyo, Japan (abbreviation: JPT), Han Chinese individuals in
Beijing, China (abbreviation: CHB) and CEPH (Utah residentscan Journal of Human Genetics 86, 364–377, March 12, 2010 365
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Figure 2. Schematic Overview of the 4q and
10q Subtelomeres with the Key Sequence
Variations Used in This Study
The D4Z4 repeat array within the subtelomere of
chromosomes 4q and 10q varies in size between 1
and 100 D4Z4 units (3.3–330 kb) and is indicated
with closed triangles.
(A) Chromosomal localization of the D4Z4
repeat, chromosome 4q35 or 10q26.
(B) This Simple sequence length polymorphism
(SSLP) is a combination of ﬁve VNTRs, a 8 bp
insertion/deletion, and two SNPs localized 3.5 kb
proximal to D4Z4 and varies in length between
157 and 182 bp.
(C) The D4F104S1 (p13E-11) region is localized
immediately proximal to D4Z4, is 475 bp in
length, and contains 15 SNPs.
(D) The most proximal unit of the D4Z4 repeat array contains several SNPs, of which four result in restriction-site polymorphisms that
can be studied by Southern blot analysis (BlnI [B], XapI [X], PvuII [P], andMscI [M] in the ﬁrst D4Z4 repeat unit of the sequence available
with accession number AF117653 at positions 5660, 7512, 6044, and 6694 bp, respectively).
(E) A large sequence variation (A or B) has been detected distal to D4Z49 and can be detected by Southern blot analysis. In addition, we
identiﬁed 4q chromosomes that fail to hybridize to probes A and B and provisionally called these C.
BP designates the breakpoint between the distal partial D4Z4 unit and the A, B, or C distal variation.with ancestry from Northern and Western Europe) (abbreviation:
CEU) (HAPMAPP1, HAPMAPP2, and HAPMAPP3 were obtained
from the Coriell Institute).19 The CEU and YRI samples consisted
of 30 father-mother-child trios, and the JPT and CHB panels con-
tained samples from 45 unrelated Japanese and 45 unrelated Han
Chinese individuals.
To study the global distribution of the chromosome 4q and 10q
SSLP (simple sequence length polymorphism), we genotyped all
samples in the Human Genome Diversity Project (HGDP) cell
line panel.20 This panel consists of DNA samples from 1051 indi-
viduals from 51 globally dispersed human populations. We also
used 96 samples from the Y Chromosome Consortium (YCC).21DNA Isolation
To obtain high-quality DNA for detailed genotyping, we
embedded peripheral blood lymphocytes and immortalized
lymphoblastic cell lines in agarose plugs (InCert agarose, FMC)
at a concentration of approximately 7.5 3 105 cells per plug and
treated them with 600 mg/ml pronase and 1% Sarkosyl for 40–48 hr
at 37C. Next, plugs were washed in Tris-EDTA (TE4) and were
stored in 0.5 M EDTA at 4C. Prior to restriction analysis, plugs
were successively equilibrated in TE4 and the appropriate restric-
tion-enzyme buffer.Analysis of SSLP and D4F104S1 Sequence
The SSLP sequence is localized approximately 3 kb proximal to the
D4Z4 repeat (Figure 2B, nucleotides 1532–1694 [GenBank acces-
sion number AF117653]) and was studied by PCR with the use
of forward primer 50-HEX-GGT GGA GTT CTG GTT TCA GC-30
and reverse primer 50-CCT GTG CTT CAG AGG CAT TTG-30.
This PCR simultaneously identiﬁes the SSLP size on chromosomes
4q and 10q. The PCR was performed with 5 ng genomic DNA, the
Phusion F530-L DNA polymerase (Finzymes), and the
supplemented high-ﬁdelity buffer at 98C for 15 s, 60C for 30 s,
and 72C for 15 s for 33 cycles. Size differences were determined
with the use of an ABI Prism 3100 Genetic Analyzer. The
D4F104S1 region (Figure 2C, nucleotides 4384–4858 (GenBank
accession number AF117653) of each chromosome was deter-
mined with forward primer 50-CCC AGT TAC TGT TCT GGG
TGA-30 and reverse primer 50-ATC CCA ATG TCT CCC CAT C-30.366 The American Journal of Human Genetics 86, 364–377, March 1The sequence of the SSLP and the D4F104S1 region as well as
the SSLP size of individual chromosomes was identiﬁed after the
four chromosomes were separated by restriction-enzyme diges-
tion, electrophoresis, and electro-elution of the DNA from the
gel slices.10 Primers were designed with Primer3 software.
Analysis of D4Z4 Repeat and Distal Variation
To determine the different SNPs in the proximal D4Z4 repeat unit
and the homogeneity of the different D4Z4 units in a repeat array,
we applied different methods. The BlnI and XapI polymorphic
sites (B and X, Figure 2D) were analyzed by restriction analysis fol-
lowed by pulsed-ﬁeld gel electrophoresis (PFGE) and Southern
blotting. In three different digestions we distinguish (1) all four
complete D4Z4 repeat arrays from chromosomes 4 and 10 (double
digestion with EcoRI and HindIII) (2) D4Z4 repeat arrays that are
resistant to BlnI, B-Xþ and B-X- D4Z4 units (double digestion
with EcoRI and BlnI) and (3) D4Z4 repeat arrays that are resistant
to XapI, BþX and BX D4Z4 units (digestion with XapI).
The PvuII and the MscI polymorphisms (P and M, Figure 2D) in
the proximal unit of the D4Z4 repeat array were analyzed on
genomic DNA samples by digestion with either PvuII and BlnI or
BglII, BlnI, and MscI. Digestion with PvuII generates chromo-
some-4-derived fragments of 2849 bp or 4559 bp in size, depend-
ing on the presence (PþD4Z4) or absence (PD4Z4) of the PvuII
restriction site, whereas chromosome 10-derived fragments are
2464 bp because of the presence of BlnI.18 Hybridization of probe
p13E-11 to Southern blots of genomic DNA digested with MscI
reveals chromosome-4-derived fragments of 2900 bp (MþD4Z4)
and chromosome-10-derived fragments of 1774 bp because of
the presence of a BlnI restriction site in D4Z4 on chromosome
10. Nonstandard 10A176T chromosomes give a fragment of
4061 bp because of the absence of the MscI restriction site
(MD4Z4). For analysis of the A/B variation distal to D4Z4
(Figure 2E), DNA was digested with HindIII only.8 All digestions
and PFGE analyses were performed as described previously.10 To
determine the chromosomal location of nonstandard D4Z4 repeat
arrays (Figure 2A), we digested DNA with NotI, and the PFGE
conditions have been described elsewhere.22
The breakpoint between D4Z4 and the region distal to D4Z4 for
chromosomes with the distal A or C variation (Figure S2) was
determined by a PCR with forward primer 50-AGC GTT CCA2, 2010
GGC GGG AGG GAA G-30 and reverse primer 50-GGT TTG CCT
AGA CAG CGT CGG AAG G-30. The PCR reaction was performed
on 100 ng of genomic DNA with 5 ml GC PCR buffer I (Takara),
1.5 ml GC-dNTPs (0.5 mM dATP, 0.5 mM dCTP, 0.5 mM dTTP,
0.3 mM dGTP, and 0.2 mM 7-deaza-dGTP) and 1.0 U of LA-Taq
DNA polymerase (Takara) in a total volume of 25 ml. The PCR
conditions consisted of an initial denaturation at 94C for
3 min, followed by 35 cycles of denaturation at 94C for 30 s,
annealing at 68C for 30 s, and extension at 72C for 3 min. The
breakpoint betweenD4Z4 and the region distal to D4Z4 for B chro-
mosomes were determined by PCR with primers 50-AAC GGA
GGG AAA GAC AGA GC-30 and 50-GCC TGT CCT TAT GTC
CAG GAT-30. The PCR reaction was performed on 100 ng of
genomic DNA with 1.5 ml GC-dNTPs (0.5 mM dATP, 0.5 mM
dCTP, 0.5 mM dTTP, 0.3 mM dGTP and 0.2 mM 7-deaza-dGTP),
0.4 U of Phusion F530-L DNA polymerase, and supplemented
GC buffer in a total volume of 25 ml. The PCR conditions consisted
of an initial denaturation at 98C for 3 min, followed by 35 cycles
of denaturation at 98C for 30 s, annealing at 55C for 30 s, and
extension at 72C for 30 s. Chromosome-speciﬁc sequences were
obtained from monochromosomal cell line sources previously
described and from GenBank sequences.10 Sequence AF017466 is
derived from a chromosome 4B source,9 and AC197422 is a chim-
panzee chromosome 3 sequence.23 In addition, to eliminate
unwanted chromosomes and speciﬁc PCR primers, we selected
DNA samples of individuals with a speciﬁc haplotype composition
that allowed chromosome-speciﬁc analysis based on a preceding
restriction-enzyme (BlnI) digestion and used speciﬁc PCR primers
for distal A or B. Primers were designed with Primer3 software.Hybridization
Southern blots used for D4Z4 sizing and determination of the
array homogeneity were successively hybridized with probes
p13E-11 (D4F104S1)24 and D4Z4.25 For the determination of the
SNPs in the proximal D4Z4 repeat unit, blots were hybridized
with probe p13E-11. Southern blots for determination of the distal
A/B variation were successively hybridized with probes A and B,8
and blots for chromosomal assignment were hybridized succes-
sively with probes p13E-11 and B31.22 All hybridizations, except
those with probe D4Z4, were performed in a buffer containing
0.125 M Na2HPO4 (pH 7.2), 10% PEG6000, 0.25 M NaCl, 1 mM
EDTA, and 7% SDS for 16–24 hr at 65C. D4Z4 hybidizations
were done in a buffer containing 0.125 M sodium phosphate
(pH 7.2), 0.25 M NaCl, 7% SDS, 100 mg/ml of denatured salmon
sperm DNA, and 50% deionized formamide. Final washing condi-
tions were 23 SSC-0.1% SDS (p13E-11), 0.13 SSC-0.1% SDS
(D4Z4), 13 SSC-0.1% SDS (A), 0.33 SSC-0.1% SDS (B), and 0.33
SSC-0.1% SDS (B31). Southern blots for the analysis of the PvuII
and MscI polymorphisms in the most proximal D4Z4 unit were
washed in 0.33 SSC-0.1% SDS. All blots were exposed for 16–
24 hr to phosphorimager screens and analyzed with the Image
Quant software program (Molecular Dynamics).Statistical Analyses
We used the program Network version 4.5.1.0 to construct
a median-joining network of all 4q and 10q haplotypes. For this
we used a uniform weight of 10 for all the different polymor-
phisms that deﬁne each distinct haplotype. We used Network
Publisher 1.1.0.7 to draw, adjust, and export the ﬁnal network.
We also used the same dataset to construct a neighbor-joining
phylogenetic tree. For this, we used the following subroutinesThe Amerifrom the Phylip (Phylogeny Inference Package) version 3.68:
SeqBoot (in order to create 1000 bootstrap replicates of the original
datasets), Pars (to create a single most parsimonious tree for each
of the bootstrapped dataset), Neighbor (to make a neighbor
joining tree for each of the bootstrapped parsimonious trees,
and Consense (to make a single consensus tree). Subsequently,
we used Treeview26 to make the neighbor-joining tree with
support values of the major branches (Figure S3).
For each population and global region, the allele frequencies,
expected heterozygosities, and average number of alleles of the
4q and 10q SSLP loci were calculated with the excel add-in micro-
satellite toolkit.27 To correlate the observed genetic diversity
estimates of each population with geographic distance variation,
we used, for each population, the distance from Addis Ababa,
Ethiopia via a number of way-points, as previously described by
others.28Results
Genotyping of 4q and 10q D4Z4 Haplotypes
The assignment of the chromosomal origin of the D4Z4
repeat arrays is routinely based on differential sensitivity
to the restriction enzymes BlnI and XapI. Standard 4q
chromosomes carry D4Z4 repeats with homogeneous
arrays of BXþ D4Z4 units, and standard 10q chromo-
somes carry D4Z4 repeats with homogeneous arrays of
BþX D4Z4 units. Standard and nonstandard chromo-
somes 4q and 10q can end with the distal A or B variation
(Figure 1).
Previously, we performed detailed genotyping on stan-
dard 4qter and 10qter chromosomes (nonstandard chro-
mosomes were not included) in 222 European individuals
and showed that all chromosomes could be grouped into
nine different 4qter haplotypes and two distinct 10q
haplotypes.10 Haplotype differentiation was based on the
chromosomal location, the sequence of the SSLP, the
sequence variation in D4F104S1 and D4Z4, and the distal
variation A and B (Figure 2). In the present study, we
concentrate on the question of whether nonstandard
chromosomes are the result of numerous and recurrent
transfers between chromosomes 4q and 10q, or whether
they have arisen from only one or a limited number of
founder exchanges. In the latter model, depending on
the number of transfers, it should be possible to group
nonstandard chromosomes in only a few nonstandard
haplotypes, and the intrinsic D4Z4 repeat instability
would then be expected to be the underlying cause of
the repeat-array copy-number variation within nonstan-
dard chromosomes belonging to the same haplotype. To
address this question in more detail, we performed geno-
typing on standard and nonstandard D4Z4 chromosomes
in 444 unrelated European control individuals (Figure 3).
The methods used for analyzing the markers in Figure 2
are generally not speciﬁc for chromosome 4 or 10. To over-
come this problem, we mainly studied family members for
whom we could analyze the segregation pattern. This
allowed us to determine the exact allele composition ofcan Journal of Human Genetics 86, 364–377, March 12, 2010 367
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233 of the 444 controls studied. In addition, the chromo-
somal origin of the D4Z4 repeat array (standard or
nonstandard) was veriﬁed in >250 controls by additional
PFGE studies with chromosome-4q- and -10q-speciﬁc
probes.22 Finally, we isolated 145 individual chromosome
4q and 10q D4Z4 fragments that were separated by PFGE
for detailed analysis of the SSLP and D4F104S1 sequence.
For approximately 100 individuals, we had no DNA avail-
able from family members or did not perform chromo-
some-speciﬁc analysis. For these individuals, haplotypes
were deﬁned by inference for the most obvious combina-
tion of markers on the basis of the most prevalent haplo-
types observed in the other approximately 350 controls.
The distribution of standard haplotypes is almost iden-
tical to that in our previous study; 4A161 and 4B163 are
the most prevalent haplotypes on chromosome 4.10 In
addition to the previously reported haplotypes, we found
evidence for the presence of additional rare haplotypes
on chromosomes 4q (4A159, 4A168, 4A170, 4A172,
4B170, 4B172, and 4B174) and 10q (10A162). We found
52 (52/888 ¼ 5.8%) nonstandard chromosomes 4q and
78 (8.7%) nonstandard chromosomes 10q. Consistent
with previous reports, most (67/78) nonstandard chromo-
somes 10q carry homogeneous BXþ D4Z4 repeat arrays,
whereas all nonstandard chromosomes 4q carry hybrid
D4Z4 repeat arrays with mixtures of BXþ and BþX
D4Z4 units.15,29 On the basis of their D4Z4 repeat struc-
ture, we could distinguish two hybrid chromosomes; H
(hybrid) chromosome ends were detected on chromo-
somes 4 and 10 and carry a D4Z4 repeat array that begins
with BþX repeat units at the centromeric side, whereas
Hi (BXþ D4Z4 repeat array with some internal BþX
D4Z4 units) chromosome ends were only detected on
chromosome 4 and always start with BXþ D4Z4 units at
the proximal end of the repeat (Figure 1C).
Haplotype Distribution in HAPMAP Populations
Previously nonstandard chromosomes have been detected
in European and Asian populations,14,16,17 but the preva-
lence of these chromosomes in the African population
was unknown. To gain insight into the distribution of
the different standard and nonstandard chromosomes in
an African population, we studied the Yoruban (YRI)
samples from the HAPMAP project and compared them
with the HAPMAP samples from the European (CEU),
Japanese (JPT) and Han Chinese (CHB) panels. The inher-
itance pattern in the father-mother-child trios allowed
the chromosomal assignment of the markers studied in
the YRI and CEU samples.
As shown in Figure 3, the haplotype distribution among
CEU samples (n ¼ 58) is very similar to the distributionFigure 3. Distribution of 4qter and 10qter Haplotypes in Different
Upper panel: Haplotype distribution of 4q and 10q subtelomeres in 4
the HAPMAP panels (CEU, YRT, and CHB/JPT; columns on the right)
number of chromosomes per haplotype and frequencies of the diffe
Bottom panel: pie charts of the haplotype distributions on chromos
chromosomes that have the same SSLP length are indicated by an id
The Ameriamong European samples collected by our institute (n ¼
444). The haplotype distribution in the JPT and CHB
panels differs considerably from the European haplotype
distributions. Nonstandard hybrid 10q chromosomes are
common among the two East Asian population samples,
whereas they are almost absent among Europeans. In addi-
tion, 4B163 chromosomes are roughly twice as abundant
in the JPT and CHB populations (58%) as in the European
(32.9% and 26.7% for LUMC and HAPMAP samples,
respectively). Not surprisingly, among YRT the haplotype
distribution also differs substantially from those of the
two east-Asian and the European populations; haplotype
4A159, which is rare in Europeans, is relatively abundant
(10.8%) among YRT (Figure 3). In addition, the hybrid
4A166H haplotype is much more abundant among
Yorubans (19.2%) than among Europeans (4%), and we
discovered many hybrid Hi chromosomes in Yorubans
(4A157Hi, 4A159Hi, 4A161Hi, and 4B172Hi). Overall,
YRT display an overrepresentation of 4A chromosomes
(4A157Hi, 4A159, 4A159Hi, 4A161, 4A161Hi, 4A166,
and 4A166H; total 64.9%) compared to 4B chromosomes
(4B163, 4B166, 4B172, and 4B172Hi; total 14.9%).
Characterization of Haplotypes
Subsequently, we further characterized and sequenced the
SSLP and D4F104S1 regions of individual chromosomes
from each haplotype. We sequenced at least one, but often
multiple independent chromosomes of almost all haplo-
types found in the different populations and composed
a haplotype map based on sequence variations (Figure 4).
On the basis of sequence similarities in the SSLP and the
D4F104S1 region, all haplotypes were categorized in two
major groups (major groups 1 [blue] and 2 [orange] in
Figure 4). Major group 1 consists mainly of the haplotypes
4A159, 4A161, and 4B163, which are most common in all
three HAPMAP populations. Most other standard and
nonstandard 4q and 10q haplotypes belong to major
group 2.
Within the panel of 444 European controls, we
sequenced the proximal D4Z4 repeat end of all nonstan-
dard 10q chromosomes with homogeneous BXþ D4Z4
repeat arrays (n ¼ 67). We discovered that all these
nonstandard 10q chromosomes could be grouped into
three nonstandard haplotypes (10B161T, 10A176T, and
10A180T; Figure 4). Chromosomes that belong to the
largest nonstandard 10q haplotype (10B161T) are all char-
acterized by an SSLP size of 161 bp, the distal variant B, and
the PþD4Z4 variant in the proximal D4Z4 unit, which
was not detected in 4B161 chromosomes. The remaining
nonstandard 10q haplotypes, 10A176Tand 10A180T, carry
the distal variant A and have an SSLP length of 176 bpPopulations
44 European individuals (left column) and three populations from
according to SSLP, D4Z4-SNPs, and distal A, B, or C variation. The
rent haplotypes are indicated.
omes 4q and 10q in the LUMC-Europe and HAPMAP panels. All
entical segment color.
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Figure 4. Sequence Comparison of Standard and Non-Standard
Haplotypes
On the basis of sequence variants in the SSLP, D4F104S1, the prox-
imal D4Z4 unit, the internal D4Z4 unit, and distal sequences, all
370 The American Journal of Human Genetics 86, 364–377, March 1and 180 bp, respectively. Further analysis showed that all
10A176T chromosomes carry the unique MD4Z4 variant
in the proximal D4Z4 unit. This combination of a unique
SSLP sequence with speciﬁc sequence variants, PþD4Z4
or MD4Z4, implies that all these nonstandard chromo-
somes originate from only three ancestral translocation
events. Similar results were obtained in the HAPMAP
panels.
All nonstandard chromosomes with a hybrid repeat
structure on chromosomes 4 or 10 were further analyzed
in detail for the composition of the repeat array (Figure 5
and Figure S1) and were categorized in either the H or the
Hi haplotypes (Figure 1).Most hybrid repeat arrays on chro-
mosomes 4 and 10 belong to the H haplotype, and they are
all preceded by an identical SSLP of 166 bp and endwith the
distal A variant. We name them 4A166H and 10A166H
chromosomes. We also discovered a novel chromosome
4q variant with an unknown distal variation that is not
recognized by the distal A and B probes, and which we
provisionally deﬁne as the distal C variation. This distal
C variation is only detected in the hybrid chromosomes
4C166H, which are abundant among Yorubans (14.2%).
Further analysis showed that 4A166H, 4C166H, and
10A166H chromosomes start with at least one BþX D4Z4
unit at the proximal site of the repeat, and this is followed
by a hybrid repeat structure that consists of BXþ and
BþX D4Z4 units but also by a novel type of D4Z4 unit
that is resistant to both BlnI and XapI (BX). These BX
units were ﬁrst identiﬁed in the most proximal repeat unit
of 4A166 chromosomes.10
Additional detailed Southern blot analysis of the D4Z4
repeat array structure of 4A166, 4A166H (a, b, and c),
and 10A166H (a, b, and c) shows that all repeat arrays
are heterogeneous, and each has a speciﬁc combination
of the three different types of D4Z4 unit (Figure 5 and
Figure S1). The sequence similarity of 4A166 and 4A166H
chromosomes suggests that they share a common
ancestor. Possibly, both for 4A166 chromosomes (loss of
XapI site in BXþ proximal units) and for 4A166Ha chro-
mosomes (gain of BlnI site in proximal BX units) the
DNA changes in D4Z4 started at the most proximal sitehaplotypes could be grouped into two major haplogroups: major
group 1 (blue) andmajor group 2 (orange). Indicated are the name
of the haplotype (column 1), the number of individual chromo-
somes that were sequenced for each haplotype (column 2), and
the speciﬁc sequence variants (SNPs, VNTR, and other variables).
Column 3 shows the chromosomal location of the D4Z4 haplo-
type. The top row shows all different possibilities for each
sequence variation in the different regions of the D4Z4 locus
(SSLP, D4F104S1, proximal D4Z4 unit, internal D4Z4 unit, and
distal sequences). The bottom row shows the position of the
SNPs in the GenBank sequence AF117653 for all different regions.
All SNPs in SSLP and D4F104S1 are depicted as nucleotide
changes, and SNPs in D4Z4 are depicted as the presence (1) or
absence (2) of a speciﬁc restriction site (B ¼ BlnI, P ¼ PvuII, M ¼
MscI, and X ¼ XapI). The last column shows the distal A, B, or C
variations indicated by A, AL, B, and C. The distal AL variation
has previously been identiﬁed and carries a larger (L) partial distal
D4Z4 unit but an identical region distal to D4Z4.35
2, 2010
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Figure 5. Repeat Array Composition of
4A166 Chromosomes and Typical 4A-H,
10A-H, and 4A-Hi Chromosomes
The composition of the D4Z4 repeat array
on the basis of speciﬁc SNP combinations
for the individual D4Z4 repeat units as
determined by Southern blotting with
restriction enzymes BlnI (B) and XapI (X).
We have identiﬁed three different D4Z4
repeat units on the basis of sensitivity to
these restriction enzymes: BXþ (most
common in 4q repeat units), BþX- (most
common in 10q repeat units), and B-X
D4Z4 units. On the left we depicted the
D4Z4 repeat array composition of six
different haplotypes (a). The top and
bottom haplotypes represent standard
chromosomes 4q and 10q with a homoge-
neous D4Z4 repeat array consisting,
respectively, of BXþ or BþX D4Z4 units
only. A typical 4A166 D4Z4 repeat array
consists of arrays of BXþ units and BX
units (all units are resistant to BlnI, and
most proximal and some internal units
are resistant to BlnI and XapI). 4A166H
chromosomes have a similar D4Z4 repeat
array structure but additionally carry one
or more BþX units at the proximal end
of the repeat array, and the D4Z4 repeat
array of other 4A166H chromosomes
contains one or more BþX units both at
the proximal end and internally. D4Z4 repeat arrays with a similar composition of 4A166H chromosomes have also been identiﬁed
on chromosome 10: 10A166H. It is conceivable that these four nonstandard hybrid haplotypes represent intermediate haplotypes in
the transition from chromosome 4 to chromosome 10 as indicated by the dotted arrows. On the right are depicted two hybrid D4Z4
repeat arrays that are typical for Hi hybrid chromosomes (b). Hi hybrid chromosomes carry a D4Z4 repeat array that mainly consists
of BXþ units and carries some internal BþX units. Typically, these Hi hybrid chromosomes are identical to different standard 4A
and 4qB chromosomes with regard to their proximal and distal sequences except that they carry some BþX units.of the D4Z4 repeat array. Subsequently, the new D4Z4
units (BX on 4A166 and BþX on 4A166Ha) spread
over the entire array (as seen in 4A166Hb and 4A166Hc)
by intrachromosomal array rearrangements.
Hi hybrid chromosomes have only been detected in
substantial numbers in the African population and are
restricted to chromosome 4q. Theywere found in combina-
tion with variable SSLP lengths (157, 159, 161, 166, 168,
and 172 bp), corresponding D4F104S1 sequences, and
either the distal A or B variation, similar to combinations
as detected in the standard 4q haplotypes (4A157Hi,
4A159Hi, 4A161Hi, 4A166Hi, 4B168Hi, and 4B172Hi). As
shown in Figure 5B, the D4Z4 repeat array of a typical Hi
chromosome consists of BXþ units, interrupted by a few
internal BþX units.
Evolutionary Network of 4qter and 10qter Haplotypes
Previously, it was suggested that D4Z4 on chromosome 10
evolved from a transfer of the 4q subtelomeric region to
10q.9 Similarly, all 4q and 10q chromosomes that we iden-
tiﬁed might have evolved from each other, just as 4A166
and 4A166H chromosomes seem to have a common
ancestor. To gain more insight into the genetic evolution
of all haplotypes, we composed a median-joining network
of all distinct haplotype sequences from Figure 4 by using
the program Network (Figure 6). In order to reconstructThe Amerithe evolutionary root of the network, we included the
orthologous D4Z4 region in chimpanzees on chromosome
3 (PAN-Ch3); we obtained this sequence from GenBank
(accession number AC197422, clone PBT1-134P4).23 As
shown in Figure 6, all haplotypes group in six different
clusters, (a) and (b) (representing major group 1) and (c),
(d), (e), and (f) (representing major group 2). We obtained
further independent support for the topology of this
median-joining network by analyzing the same dataset
by means of PHYLIP. As can be seen in Figure S3, the two
unrooted networks are essentially identical, and all major
branches are strongly supported by bootstrap values of
95% or higher. The single low support value of 49% is,
not surprisingly, positioned at the reticulated (because of
SSLP variation) cluster of four haplotypes, including
4A168 (a) and 4A168 (b).
Based on the network, the human haplotypes 4A159,
4A161, and 4A161L localize most closely to the chim-
panzee haplotype. In combination with the observation
that these haplotypes are the most prevalent haplotypes
in the YRT HAPMAP samples, this strongly suggests
that they represent the oldest human D4Z4 haplotypes.
Similarly, the 4A168 haplotype is most probably the oldest
haplotype that belongs to major group 2. In cluster (e) all
hybrid haplotypes are grouped. According to the network,
ancestral D4Z4 repeat units were initially deﬁned bycan Journal of Human Genetics 86, 364–377, March 12, 2010 371
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Figure 6. Evolutionary Network of all 4q and 10q Sequence Haplotypes
A median-joining network based on all distinct 4q and 10q haplotype sequences shown in Figure 4. In order to reconstruct the evolu-
tionary root of the network, we included the orthologous D4Z4 region present on chimpanzee chromosome 3 (chimp). All haplotypes
could be grouped in six distinct clusters: (a) and (b) (representing major group 1, left of chimp) and (c), (d), (e), and (f) (representing
major group 2, positioned right of chimp). The major difference between haplotypes from clusters (a) and (b) is the distal variation,
A and B, respectively. The introduction of the distal B variation between clusters (a) and (b) is indicated with an arrow. Cluster (c) is
the only subgroup in major group 2 that contains haplotypes with the distal B variation. Cluster e consists of haplotypes that carry
hybrid D4Z4 repeat arrays. This network clearly indicates that only three transfers from 4 to 10 (indicated with a T and a black arrow)
and a single transfer of the distal B variation within chromosome 4 (indicated with a gray dotted arrow between clusters b and c) are
sufﬁcient to explain all major groups of variants.sensitivity to XapI and insensitivity to BlnI (BXþ), and it
is possible that BX D4Z4 units were ﬁrst introduced in
the 4A166 haplotype by a transversion that disrupted the
XapI restriction site. Subsequently, BþX D4Z4 units like-
wise evolved by a transition that resulted in a BlnI restric-
tion site giving rise to 4A166H haplotypes (Figure 4A).
The African 4C166H haplotype also contains a hybrid
D4Z4 repeat array and can also be found in cluster (e).
The network shows that the hybrid D4Z4 repeat array
on 4A166H was then transferred to 10q, which resulted
in the 10A166H haplotypes. Finally, the hybrid D4Z4
repeat array on chromosome 10 homogenized only to
BþX D4Z4 units, which resulted in the most common
10A166 haplotype and gave rise to cluster (f). The 4A168
haplotype most likely also served as translocation ancestor
for the nonstandard haplotypes 10A176T and 10A180T
(cluster [d]).
It has been shown that 4qA and 4qB chromosomes differ
in sequence immediately distal to the D4Z4 repeat.9 To372 The American Journal of Human Genetics 86, 364–377, March 1provide further support for a single ancestor for all haplo-
types with the distal A variant on chromosomes 4 and
10, we sequenced the breakpoint between D4Z4 and its
distal region (BP in Figure 2) in some key haplotypes and
analyzed the polymorphisms in this region independently
from the evolutionary network reconstruction. As shown
in Figure S2a, we observed similar sequences with identical
breakpoints in all key 4qA and 10qA haplotypes, except for
the 4A161L chromosomes. Interestingly, 4C166H chromo-
somes showed an identical breakpoint sequence in this
region, which provides additional evidence that this
haplotype belongs to cluster (e). Finally, a similar break-
point was also found in the chimp sequence, providing
support that all 4qA, 4qC, and 10qA chromosomes are
derived from a single ancestral chromosome.
The network contains two clusters, (b) and (c), that carry
the distal B variant. This might imply that this distal B
variant was transferred twice from an unknown chromo-
some end (not 4q or 10q, but probably 4p as suggested2, 2010
by van Geel and colleagues9) to chromosome 4q. Alterna-
tively, one of the two clusters could have donated the
distal B variant to the other B cluster by a transfer between
homologous chromosomes 4q. In the latter model, a single
transfer of a distal B end to 4qA is responsible for all
different 4qB haplotypes. To gain evidence for this
scenario, we sequenced the distal D4Z4 region from
several 4B163, 10B161T, and 4B168 chromosomes and
show that they all have the same breakpoint between the
most distal D4Z4 unit and the distal B sequence
(Figure S2b). This suggests that they are all derived from
a single transfer event at the distal end of the D4Z4 repeat.
Furthermore, the two 10B161T haplotypes in cluster (b)
seem to have evolved from a transfer of 4B161 to chromo-
some 10.
Worldwide Haplotype Distribution
To further estimate the global distribution of 4q and 10q
haplotypes, we analyzed the HGDP-CEPH samples supple-
mented by samples from the YCC panel. Together, these
two panels have been used in many global genetic-diver-
sity studies. Individuals originate from all seven major
global regions: Africa, Middle East, Europe, South and
Central Asia, East Asia, Oceania, and America. Because
the amount and quality of the DNA in both panels does
not allow PFGE or Southern blot analysis for detailed 4q
and 10q studies, these samples were only analyzed by PCR
for the SSLP marker on both chromosomes (Figure 7.On
the basis of the haplotype analysis of samples in Figure 3,
most SSLP sizes (alleles) canmainly be attributed to a single
haplotype, at least in those populations studied in detail.
SSLP sizes 161 and 163 can be assigned to three or two
haplotypes, respectively, but 4A161 and 4B163 are most
common. Therefore, we established the SSLP distribution
in the seven world populations (Figure 7) and, when neces-
sary, inferred their chromosomal origin from the detailed
studies in LUMC and HAPMAP samples. The similarities
in the 4q and 10q SSLP distributions between Figures 3
and 7 justiﬁy this method of inference.
As shown in Figure 7A, the African region shows the
largest allele variation (similar to that of the HAPMAP
YRT panel), whereas the allele distribution in other popu-
lations is less diverse and represents a good reﬂection of
the two major bottlenecks that have occurred during
human evolution. For example, in the East Asia population
we identiﬁed predominantly SSLP alleles of 161 bp (35%)
or 163 bp (58%), which most probably represent haplo-
types 4A161 and 4B163 on the basis of a detailed analysis
of the Japanese and Han Chinese controls from the HAP-
MAP panel (Figure 3). In accordance with the occurrence
of a second bottleneck during the migration of modern
humans into the Americas, Native Americans (n ¼ 77)
show an almost complete absence of the 161 bp alleles.
We observed that the proportion of 163, 168, and 172 bp
alleles representing 4B haplotypes in Figure 3 increased
after the migration out of Africa from 10% to 91% in
Native Americans (Figure 6A).The AmeriSimilar to the 4q haplotypes, SSLP sizes that represent all
standard and nonstandard 10q haplotypes seem to be
present in Africa and therefore are also likely to have arisen
before the migration of modern humans out of Africa
(Figure 6B). The steady increase in the proportion of 164 bp
alleles (10A164 chromosomes) from 3% in Africa to 6% in
Europe, 24% in East Asia, and 41% in America provides
another example of how the migration of modern humans
can be genetically traced with the SSLP marker.
Nonstandard haplotypes 10B161T, 10A176T, and
10A180T are well recognized by SSLP-PCR because of their
unique SSLP size on 10q (161, 176, and 180 bp). These
alleles seem to be present in all world populations, and
their frequency in European and Asian populations is
comparable to previous observations.14,16,17 In conclusion,
it seems that all standard and nonstandard haplotypes had
already evolved before modern humans started their
migration out of Africa.
If we correlate the genetic variation of the 4q and 10q
SSLP among all globally dispersed populations with their
respective geographical distance from east Africa, we see
a remarkable difference between 4q and 10q (Figure S4).
For the 4q SSLP, we see the classical picture of a decrease
in unbiased heterozygosity and average number of alleles
as populations become more removed from Africa. For
the 10q SSLP, we observe a more complex picture: the
average number of alleles decreases with geographical
distance, but the average heterozygosity does not.Discussion
Here we present a study of the recent evolution of two
highly homologous subtelomeres at an unprecedented
level of detail. Both subtelomeres, 4qter and 10qter, share
a region of, on average, 200 kb of sequence homology
immediately adjacent to the telomere and include the
highly polymorphic macrosatellite repeat D4Z4. Different
haplotypes have previously been identiﬁed on chromo-
somes 4 and 10 on the basis of sequence variations
proximal, within, and distal to D4Z4.10 These haplotypes
seem to have arisen through intrachromosomal sequence
changes. On the other hand, subtelomeres are considered
dynamic domains of the genome, and the presence of
many nonstandard chromosomes were believed to be the
result of ongoing rearrangements between chromosomes
4q and 10q.14,16 This apparent conﬂict triggered us to
study the sequence and recent evolution of the human
4q and 10q subtelomeres in more detail.
Recent studies inOld andNewWorldmonkeys substanti-
ated earlier observations that the 10q subtelomere origi-
nates from an ancestral duplication event from 4qter to
the subtelomere of 10q.30 Previously, it was suggested that
the distal B variant resulted from an ancestral duplication
of 4p to 4q, making the 4qA chromosome ancestral to the
4qB chromosome.9 Our evolutionary network provides
additional evidence that the 4qA cluster (a) represents thecan Journal of Human Genetics 86, 364–377, March 12, 2010 373
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Figure 7. Global Distributions of the 4q and 10q SSLP Alleles
Pie charts showing the allele frequency of the SSLP locus on 4q and 10q chromosomes in seven major global regions (Africa [n ¼ 138],
Middle East [n ¼ 163], Europe [n ¼ 175], South and Central Asia [n ¼ 205], East Asia [n ¼ 241], Oceania [n ¼ 30], and America [n ¼ 77]).
The color key is indicated on the left. Each population has a unique distribution of 4q and 10q alleles; the oldest (African) populations
show the highest variation in the number of alleles, and the youngest (American) populations show the lowest variation.oldest groupof haplotypeswithhighest sequence similarity
to the Chimpanzee sequence. From these haplotypes, it is
possible to identify distinct inter- or intrachromosomal
rearrangement events that result in all currently known
subtelomerichaplotypesof chromosomes4and10.Accord-
ing to the network, on chromosome 4 the distal B variant
was ﬁrst introduced on 4A161, resulting in cluster (b). At a
relatively large evolutionary distance from cluster (a), a374 The American Journal of Human Genetics 86, 364–377, March 1new4qAhaplotype evolved. This 4A168haplotypedisplays
many sequence differences in comparison to haplotypes
frommajor group 1 and is probably the ancestor of all other
haplotypes that belong tomajor group 2. Haplotype 4A168
gained the distal B region from cluster (b), creating cluster
(c), and although we cannot rule out a low level of meiotic
recombination, a more likely scenario is that haplotype
4A168 was involved in a complex reorganization of the2, 2010
D4Z4 sequence by ﬁrst erasing the XapI restriction site
(evolution of BX D4Z4 units in 4A166 haplotypes). Sub-
sequently the BlnI restriction site was introduced (evolu-
tion of BþX D4Z4 units in 4A166H haplotypes initially
at the most proximal end of the array, afterward at internal
D4Z4 units). The hybrid 4q haplotypes, were then trans-
ferred to chromosome 10q (10A166H haplotypes), where
they servedas the ancestors for the standard10qhaplotypes
(10A166 and 10A164) (Figure 5). Our study also shows
that all chromosome 10q haplotypes carrying homoge-
neous BXþ D4Z4 repeat arrays (10A176T, 10A180T, and
10B161T) have evolved from only two major transfer
events.
Hi hybrid chromosomes cannot be explained by these
ancient translocation events. These haplotypes are mostly
found in the African population and are rare outside Africa.
The D4Z4 repeat array of these hybrid chromosomes 4
consists of an array of BXþ D4Z4 units that is interrupted
by a few BþX D4Z4 units. Possibly, BþX D4Z4 units
were transferred from 4A166H (b) and (c) chromosomes
onto standard chromosomes and thus gave rise to Hi chro-
mosomes. These transfersmighthavebeenprovokedby the
high frequency of 4A166H chromosomes in the African
population.
Previously, the high incidence of nonstandard arrays was
attributed to the increased interchromosomal exchange
rate between the subtelomeres of both chromosomes, as
has been observed for other chromosome ends.14,16 Subte-
lomeres are shaped by a two-step process. In the ﬁrst step,
a subtelomeric DNA segment is transferred to a nonhomol-
ogous chromosome end. Once these transferred DNA
segments exist on nonhomologous chromosomes, the
probability that they will be subject to subsequent recip-
rocal or nonreciprocal sequence transfers increases. On
the basis of extensive sequence analysis of a 60 kb region
that is shared by seven subtelomeres, it was concluded
that subtelomeric blocks do not evolve independently
but are instead subject to continued interchromosomal
interactions.1 Our study of these speciﬁc sequence
domains of chromosomes 4q and 10q provides detailed
insight in the frequency of sequence exchanges between
the different chromosome ends during human evolution:
each 4q and 10q chromosome end evolves relatively inde-
pendently from each other, and there is strong linkage
disequilibrium between sequences immediately ﬂanking
the D4Z4 repeat.
Our current study supports a model in which only four
major rearrangements occurred in the subtelomeric D4Z4
locus during human evolution: the B subtelomere was
introduced once on chromosome 4A, and the 4q subtelo-
mere was transferred three times to chromosome 10.
Although other histories are possible, this represents the
most likely evolutionary history on the basis of the
median-joining network and the neighbor-joining tree.
Most probably, the 4qter-to-10qter transfers from which
the 10B161T chromosomes evolved and those from which
10A176T and 10A180T chromosomes evolved were evokedThe Ameriafter the initial transfer of 4A166H to chromosome10q that
resulted in 10A166H. This limited rate of exchanges
between 4qter and 10qter, rather than a frequent occur-
rence of repeat exchanges between chromosomes 4q and
10q to explain nonstandard chromosomes, ﬁts well with
other observations. Gonosomal mosaicism for D4Z4
repeat-array instability is common.31 When studying
mitotic D4Z4 repeat-array instability in detail, the preferred
mechanism was consistent with a synthesis-dependent
strand-annealing model between sister chromatids rather
than homologous chromosomes.18 Additionally, clear pop-
ulation differences can be observed in the frequency of
nonstandard haplotypes (high frequency of 4q hybrids in
YRT and high frequency of 10A176T in Oceania). Finally,
we and others have previously shown a large difference
in the average D4Z4 copy number between chromosomes
4 and 10q15,29 and, more recently, among 4A161, 4B163,
and 10A166 chromosomes.10 These observations argue
against a model of frequent interchromosomal exchanges
and support the idea that transfers between 4qter and
10qter and between different haplotypes are infrequent.
Therefore, in this study we unequivocally demonstrate
that nonstandard haplotypes have arisen by a few subtelo-
meric exchanges that already occurred between chromo-
somes 4q and 10q before themigration of modern humans
out of Africa. In addition, this study shows the evolution of
the D4Z4 region on chromosome 10q from chromosome
4q via intermediate hybrid haplotypes. This low rate of
sequence exchanges can explain why each chromosome
end becomes genetically unique and might provide an
explanation as to why FSHD is uniquely associated with
D4Z4 contractions on 4A161. We postulate that sequence
variants speciﬁc to the 4A161 haplotype are essential for
the development of FSHD. It is interesting to note that
this permissive haplotype belongs to the oldest hap-
logroup and that nonpermissive haplotypes (4B163 and
10A166) are typically younger, suggesting a selection bias
toward haplotypes that are nonpermissive for FSHD.
On the basis of the global distribution of alleles of the
4q and 10q SSLP loci, we can further reﬁne the evolu-
tionary model that leads to the present-day distribution
and diversity of the 4q and 10q distal regions. It has
been demonstrated many times that the genetic variation
among globally dispersed human populations is not
randomly distributed but follows a remarkably constant
decrease as a function of the distance from east Africa.28
Human populations dispersed out of Africa via a complex
migration process that included a number of distinct
population bottlenecks. When populations undergo
a bottleneck, genetic variation rarely remains unaltered.32
In many cases, the ﬁrst sign of a genetic bottleneck is the
rapid reduction of the number of distinct alleles in a popu-
lation, followed by a reduction of heterozygosity.33 Our
observations of a reduction in the average number of
alleles and heterozygosity of the 4q SSLP is perfectly in
line with other global STR and SNP studies in the same
HGDP samples we studied.34 The slightly different resultscan Journal of Human Genetics 86, 364–377, March 12, 2010 375
for the 10q SSLP suggests that population bottlenecks only
affected global 10q variation in the number of alleles, not
in heterozygosity. One plausible explanation is that the
10q variation was still very low at the time of the ﬁrst
out-of-Africa migration and simply could not be inﬂu-
enced further. If this is true, it would mean that most trans-
location events from 4q to 10q occurred much later in
human evolution and relatively shortly before modern
humans left Africa for the ﬁrst time. This corresponds to
their relative positions in the median-joining network of
all 4q and 10q haplotypes.
This study represents the ﬁrst in-depth analysis of
natural subtelomeric variation in all world populations
and provides mechanistic insight into the recent human
evolution of the subtelomeric domains of 4q and 10q at
an unprecedented level of detail. The evolutionary network
and global distribution of all haplotypes it provides will be
instrumental to a better understanding of the composi-
tion, evolution, and function of these and other chromo-
some domains that lie adjacent to telomeres.Supplemental Data
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